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Multiple axions form a landscape in the presence of various shift symmetry breaking terms. Eternal 
inﬂation populates the axion landscape, continuously creating new universes by bubble nucleation. Slow-
roll inﬂation takes place after the tunneling event, if a very ﬂat direction with a super-Planckian decay 
constant arises due to the alignment mechanism. We study the vacuum structure as well as possible 
inﬂationary dynamics in the axion landscape scenario, and ﬁnd that the inﬂaton dynamics is given by 
either natural or multi-natural inﬂation. In the limit of large decay constant, it is approximated by the 
quadratic chaotic inﬂation, which however is disfavored if there is a pressure toward shorter duration of 
inﬂation. Therefore, if the spectral index and the tensor-to-scalar ratio turn out to be different from 
the quadratic chaotic inﬂation, there might be observable traces of the bubble nucleation. Also, the 
existence of small modulations to the inﬂaton potential is a common feature in the axion landscape, 
which generates a sizable and almost constant running of the scalar spectral index over CMB scales. 
Non-Gaussianity of equilateral type can also be generated if some of the axions are coupled to massless 
gauge ﬁelds.
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Our Universe probably experienced the inﬂationary expansion 
at an early stage of the evolution [1–5]. The temperature and po-
larization anisotropies of the cosmic microwave background (CMB) 
encode the detailed information of the slow-roll inﬂationary dy-
namics [6,7]. In particular, if the primordial B-mode polarization of 
the CMB is detected, it will be an important milestone toward a 
proof of inﬂation.
Recently the BICEP2 collaboration announced the detection of 
the B-mode polarization which could be due to the primordial 
gravitational wave with tensor-to-scalar ratio r = 0.20+0.07−0.05 [8]. The 
level of dust contamination, however, has turned out to be rather 
high according to the Planck polarization data at 353 GHz [9], 
and an ongoing joint analysis of the Planck and BICEP2 data sets 
will clarify how much of the BICEP2 signal is due to the po-
larized dust emission. Still, a small but non-negligible fraction 
of the detected B-mode polarization might be due to the tensor 
* Corresponding author.
E-mail addresses: thigaki@post.kek.jp (T. Higaki), fumi@tuhep.phys.tohoku.ac.jp
(F. Takahashi).http://dx.doi.org/10.1016/j.physletb.2015.03.052
0370-2693/© 2015 Published by Elsevier B.V. This is an open access article under the CCmode; for instance, r ∼ 0.1 may be allowed or even preferred [10]
after subtraction of the dust contribution. Furthermore, even if 
the large fraction of the BICEP2 signal arises from dust emis-
sion, r = 0.01–0.1 will still be allowed [11,12], and r of this order 
would point deﬁnitively to large ﬁeld inﬂation such as chaotic in-
ﬂation [13], where the inﬂaton ﬁeld excursion exceeds the Planck 
scale [14]. Thus, there is still a room for large-ﬁeld inﬂation, which 
is consistent with the current observations and will be probed by 
future satellite, balloon-borne, and ground-based CMB polarization 
experiments.
The central issue in large ﬁeld inﬂation models is how to con-
trol the inﬂaton potential over super-Planckian ﬁeld ranges. One 
plausible possibility is to introduce an approximate shift symme-
try on the inﬂaton. The simplest inﬂation model along this line is 
natural inﬂation with the potential [15]
V (φ) = 4
(
1− cos
(
φ
f
))
, (1)
where the cosine potential is induced by some non-perturbative 
effects. In order to be consistent with the Planck data, the decay 
constant f must satisfy f  5MP [16], where MP  2.4 ×1018 GeV BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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2 × 1016 GeV close to the GUT scale. Thus, it is important to build 
a concrete inﬂation model in a UV theory such as string theory 
(see e.g. Refs. [19–29], and also Ref. [30] for a recent view).
The string theory is a promising candidate of uniﬁed theory for 
describing the quantum gravity. There appear many axions through 
compactiﬁcation of the extra dimensions, and some of them may 
remain relatively light and play an important role in cosmology. In 
particular, one of such string axions could be the inﬂaton with the 
above potential (1). The required large decay constant, however, 
is not straightforward to realize because the fundamental decay 
constant of the string axions is no larger than the Planck scale in 
the limit of a weak coupling or a large extra dimension (see e.g. 
Refs. [31–33], also Ref. [34] for a strong coupling case, and Ref. [35]
for a case with a warped extra dimension).
If there are two (or more) axions, the effective decay con-
stant can be enhanced by the so called Kim–Nilles–Peloso (KNP) 
alignment mechanism [36]; the effective decay constant can be 
super-Planckian, even if the original ones are sub-Planckian. The 
KNP mechanism has attracted much attention especially after the 
BICEP2 result and it has been studied from various aspects [18,
37–47]. The original KNP mechanism [36] relied upon two axions 
with sub-Planckian decay constants, and a relatively large hierar-
chy in the anomaly coeﬃcients was required for successful inﬂa-
tion. It was shown in Ref. [39] that, if there are more than two 
axions, large enhancement is possible even with the anomaly co-
eﬃcients of order unity. The probability for the enhancement was 
studied in a case with hierarchical coeﬃcients of the cosine func-
tions [39] as well as general cases including the case in which the 
number of cosine functions Nsource is different from the number of 
axions Naxion [40].2
Multiple axions form a landscape if there are various shift sym-
metry breaking terms with Nsource > Naxion, as the present authors 
proposed in Ref. [40]. Eternal inﬂation will populate a large num-
ber of local minima, continuously creating new universes by bub-
ble nucleation [48]. Slow-roll inﬂation takes place after the tun-
neling event, if a very ﬂat direction with a super-Planckian decay 
constant arises due to the KNP mechanism. Thus, eternal inﬂation 
as well as the slow-roll inﬂation that follows the bubble nucle-
ation can be realized in a uniﬁed manner in the axion landscape, 
while there is no clear connection between these two in the string 
landscape paradigm [49,50]. Furthermore, since the ﬂat direction 
appears accidentally, there is a pressure toward shorter duration of 
the slow-roll inﬂation [40].3 If the total e-folding number is just 
about 50 or 60, it may be possible to observe some traces of the 
bubble nucleation such as negative curvature [51–55] and/or sup-
pression of density perturbations at large scales [56–59].
The purpose of this paper is to study further the vacuum struc-
ture as well as possible inﬂationary dynamics in the axion land-
scape, both of which have not been examined in detail so far. We 
will ﬁrst show that there are indeed numerous local minima in 
the axion landscape and that the energy density at local minima 
approaches a Gaussian distribution as Nsource becomes larger for 
a ﬁxed Naxion. Next we examine the inﬂaton potential along the 
lightest direction in the axion landscape. As we shall see below, the 
possible inﬂaton dynamics depends on the properties of the cosine 
functions and the strength of pressure toward shorter duration of 
inﬂation. As a result, the predicted values of the spectral index and 
1 There is no observational lower bound on the decay constant in the multi-
natural inﬂation [17,18].
2 In the most of the literature, the relation Naxion = Nsource was assumed.
3 The pressure arises from the fact that ﬂatter directions (i.e. larger decay con-
stants) are rarer in the KNP mechanism with multiple axions. Note however that 
the existence of such pressure actually depends on the cosmological measures.the tensor-to-scalar ratio are correlated with the existence or ab-
sence of the measurable remnant of the bubble nucleation.
2. Axion landscape
We consider multiple axions with the following potential:
V (φα) =
Nsource∑
i=1
4i
⎛
⎝1− cos
⎛
⎝Naxion∑
α=1
niα
φα
fα
+ θi
⎞
⎠
⎞
⎠+ C, (2)
where i represents the dynamical scale of each non-perturbative 
effect, niα is an integer-valued anomaly coeﬃcient matrix, fα is 
the decay constant, φα is the axion which satisﬁes a discrete shift 
symmetry,
φα → φα + 2π fα, (3)
and θi ∈ [0, 2π) denotes a CP phase of each non-perturbative ef-
fect. Here the decay constant fα is deﬁned so that the greatest 
common divisor of {niα} is equal to unity for a given α. The con-
stant term C is chosen so that the cosmological constant almost 
vanishes in the present Universe.4
Now we study the vacuum structure in the axion landscape. 
The vacuum structure crucially depends on the values of Nsource
and Naxion. In the case of Nsource < Naxion, there are Naxion−Nsource
ﬂat directions implying continuous vacuum degeneracy, as long as 
the combination of the axions appearing in each cosine function is 
different from one another; if two of the combination are propor-
tional to each other, i.e., niα/n jα is independent of α for some 
i and j, there will be another ﬂat direction. If Nsource = Naxion, 
there are discrete potential minima with degenerate energy. If 
Nsource > Naxion, there are many local minima with different en-
ergy. In the following we focus on the last case to examine the 
distribution of the local minima for various Nsource and Naxion.
In order to study the energy density distribution of the local 
minima, we simplify the axion potential (2) by setting i =  and 
fα = f for all i and α and C = 0, and generate an integer-valued 
Nsource ×Naxion random matrix niα satisfying a constraint |niα | ≤ 3. 
Note that the structure of the axion potential does not depend 
on C . We have also generated a random real number between 0
and 2π for the relative phase θi . Those simpliﬁcations are assumed 
in the following numerical analysis unless stated otherwise.
We note that the above-stated simpliﬁcations do not change 
our results signiﬁcantly, because of the following reasons. First, co-
sine functions with i much smaller than the others are irrelevant 
for the existence of a very ﬂat direction suitable for the inﬂaton. 
Such subdominant cosine functions will generically induce small 
modulations to the inﬂaton potential, which can generate a sizable 
running of the spectral index, as we shall see later in this paper. 
Secondly, the precise equality of fα is not essential in our analy-
sis, as we generate random numbers for the coeﬃcients niα , which 
effectively randomize the size of the decay constants. Indeed, our 
analysis on the KNP mechanism can be straightforwardly applied 
to more general { fα}, which are comparable to one another. This 
can be seen by noting that we can deﬁne θα ≡ φα/ fα absorbing 
the decay constants. The precise values of fα matter only when 
we evaluate the shape of the inﬂaton potential quantitatively.
The KNP mechanism can be implemented if there appears an 
extremely light direction in the axion landscape.5 If all the rel-
4 We may need a string landscape to solve the cosmological constant problem un-
less there is a suﬃciently large number of axions. Then, the axion landscape might 
be thought of as a lower-energy branch of the string landscape.
5 Note that this is because the typical potential height is of order 4. If the dy-
namical scales are hierarchical, the lightest direction must be much lighter than the 
typical mass scale for the lightest direction, in order to realize the KNP mechanism.
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distribution is for one realization of the axion landscape satisfying R < 10−2.ative phases are zero (or if they can be absorbed by the shift 
of the axions), this is the case if the smallest eigenvalues of the 
matrix Mαβ ≡∑i niαniβ happens to be much smaller than the 
others [40]. Let us denote by R(	 1) the ratio of the smallest 
eigenvalue to the next smallest one. Note here that the eigenvalues 
of M are non-negative. In general, all the relative phases cannot 
be absorbed by the shift of the axions if Nsource > Naxion. Still, as 
we shall see shortly, when R 	 1, there appears a very light di-
rection whose typical decay constant is enhanced by a factor of 
1/
√
R . This can be understood as follows. First let us consider the 
case of Nsource = Naxion. Then, Mαβ is proportional to the mass 
matrix at the points where all the cosine functions are minimized. 
Since the typical potential height is of order 4, R 	 1 implies 
that the lightest direction has an enhanced decay constant. Now 
let us add an extra cosine function of some combination of the ax-
ions. Then, the matrix Mαβ is no longer proportional to the mass 
matrix in the actual axion landscape, because all the cosine func-
tions cannot be generically minimized simultaneously. In this case, 
R 	 1 implies that the combination of the axions appearing in 
the extra cosine function should be more or less orthogonal to the 
lightest direction obtained in the case of Nsource = Naxion. Thus, the 
KNP mechanism can be implemented by requiring R 	 1 even for 
the case of Nsource > Naxion with a non-zero relative phase. This 
argument will be valid unless Nsource − Naxion is not signiﬁcantly 
larger than Naxion. In the following we use this condition to gen-
erate an axion landscape where there is a ﬂat direction, but our 
results do not depend on how we implement the KNP mechanism 
in the axion landscape.
The energy density distribution of the local minima is shown 
in Fig. 1. Here the number of axions is ﬁxed to be Naxion = 8, and 
we have varied the number of cosine functions as Nsource = 9, 11
and 13. We have repeatedly generated the random matrix for niα
until R becomes smaller than 10−2 so as to implement the KNP 
mechanism. In each case we have searched for local minima in the 
vicinity of a randomly chosen initial position in the ﬁeld space, and 
we have repeated this process until distribution of the found local 
minima converges. As a result we have found 14 025, 30194 and 
22939 minima for Nsource = 9, 11 and 13, respectively. We can see 
from the ﬁgure that the distribution approaches a Gaussian distri-bution as Nsource increases for a ﬁxed Naxion. The number of the 
local minima tend to increase and the energy density distribution 
approaches a Gaussian distribution as Naxion and the upper bound 
on |niα | increase. We have conﬁrmed that, even if we do not im-
pose the KNP mechanism, the energy density distribution of the 
local minima exhibits a similar behavior.
Our vacuum may or may not be around the peak of the energy 
distribution. This crucially depends on the prior probability distri-
bution of the parameters in the axion landscape as well as the 
constant C which represents the other contributions to the cosmo-
logical constant. This issue is also related to the initial condition of 
the slow-roll inﬂation, but we do not pursue it further here.
The eternal inﬂation takes place if the Universe is stuck in one 
of the local minima with a positive energy. The bubble nucleation 
rate crucially depends on the energy difference between the adja-
cent vacua. We have evaluated the difference of the energy density 
and the distance between each local minimum and its nearest ad-
jacent one in the case of Naxion = 8 and Nsource = 13 studied above. 
The results are shown in Fig. 2. One can see that, while there is a 
peak at the vanishing energy density difference, the typical energy 
difference is of order unity in the units of 4. Similarly, the typi-
cal distance between the two adjacent minima is of order f . The 
non-trivial distribution of the distance reﬂects the structure of the 
axion landscape in this example, and it is not due to artifact of the 
imposed KNP mechanism.6 The averaged energy density difference 
and distance are about 1.34 and 1.4 f , respectively. This is impor-
tant for the initial condition of the subsequent slow-roll inﬂation, 
and we shall return to this issue later.
3. Inﬂation in axion landscape
A very light axion with an effective super-Planckian decay con-
stant can be realized with a certain probability in the presence of 
multiple axions owing to the KNP mechanism [39,40]. Now we ex-
6 We have conﬁrmed that the detailed distance distribution depends on the re-
alization of the axion landscape, but it is always the case that the typical distance 
between adjacent vacua is given by O( f ).
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respectively. Here we used the axion landscape with Naxion = 8 and Nsource = 13 in Fig. 1. The mean energy difference and distance are about 1.34 and 1.4 f , respectively.amine the inﬂaton potential in the axion landscape, where there 
are various shift-symmetry breaking terms with Nsource > Naxion.
First let us show how the axion potential looks like when 
the KNP mechanism is operative. For visualization purpose we set 
Naxion = 3 and Nsource = 4 and repeatedly generated an integer-
valued matrix niα until R becomes smaller than 10−2. In Fig. 3
the surfaces show particular values of the axion potential, V (φˆ) =
24 (purple) and V (φˆ) = 2.54 (orange), where the three axes
(φˆ1, φˆ2, φˆ3) are chosen so that they coincide with the mass eigen-
states at one of the local minima, which is shifted to coincide with 
the origin (φˆ1 = φˆ2 = φˆ3 = 0) in the ﬁgure. Each shaded (purple) 
ellipsoid contains one local minimum, while the light shaded (or-
ange) casing represents the ﬂat direction in the ﬁeld space. Note 
that the scale of each axis is different; the range of each axis 
shown in this ﬁgure is |φˆ1| < 20 f and |φˆ2,3| < 1.5 f . Therefore the 
potential is indeed ﬂat (approximately) along the lightest direction 
(φˆ1), while the other directions (φˆ2,3) are heavier.
The inﬂaton is identiﬁed with the lightest degrees of freedom, 
while the other heavier degrees of freedom can be integrated out 
during inﬂation. There are many local minima and a light direction 
is attached to each minimum. As Naxion increases, it becomes eas-
ier to obtain such a ﬂat direction [40] when the relevant dynamical 
scales are comparable to each other. Thus, the large-ﬁeld slow-roll 
inﬂation after the bubble nucleation is a possible outcome in the 
axion landscape.
A couple of comments are in order. First the mass eigenstates 
as well as the mass eigenvalues generically depend on the position 
in the ﬁeld space. Therefore, as one moves away from the local 
minima along the lightest direction, the composition of the inﬂa-
ton gradually changes, and as a consequence, the inﬂaton potential 
is slightly modiﬁed from the simple cosine function. Rather, it is 
given by a certain superposition of the multiple cosine functions, 
i.e., multi-natural inﬂation [17]. This effect becomes signiﬁcant es-
pecially if Nsource > Naxion, because each local minimum has a 
different energy, in general. However, if the enhancement of the ef-
fective decay constant due to the KNP mechanism is large enough, 
the inﬂaton potential can be approximately given by the natural in-
ﬂation during the last 50 or 60 e-foldings, and in the limit of large 
enhancement it is approximated by the quadratic chaotic inﬂation. 
On the other hand, an extremely large decay constant is rare in the 
axion landscape.7 Thus, it depends on the pressure toward shorter 
inﬂation in the landscape whether the effective inﬂaton potential 
is given by the quadratic chaotic inﬂation or natural inﬂation. If 
the pressure is strong enough and if it persists even after taking 
7 That said, it is hard to make a deﬁnite statement concerning the probability 
because of the measure problem.Fig. 3. The three dimensional contour plot of the axion potential when the KNP 
mechanism is operative. The three axes (φˆ1, φˆ2, φˆ3) are chosen so that they coincide 
with the mass eigenstates at one of the local minima at the origin. Note that the 
scale of each axis is different, and the ﬂat direction is approximately along the di-
rection of φˆ1. (For interpretation of the references to color in this ﬁgure, the reader 
is referred to the web version of this article.)
account of the cosmological measures, the total duration of the in-
ﬂation is likely close to just about 50 to 60, and we expect that 
both deviation from the quadratic chaotic inﬂation and the traces 
of the bubble nucleation may be observed together.8 The combi-
nation of these two observations is one possible outcome of the 
axion landscape.
Secondly, the position of the inﬂaton after the tunneling event 
is expected to be away from the local minimum by a factor of the 
effective decay constant along the ﬂat direction. This is because 
the lightest direction does not participate the tunneling event, and 
there is no special reason for the inﬂaton to just sit on the local 
minimum after the tunneling [51]. One can also understand this 
from the structure of the axion landscape. Suppose that there is a 
very ﬂat direction owing to the KNP mechanism, and that the Uni-
verse experiences eternal inﬂation when it is stuck in one of the 
local minima. Then, after a certain point of time, a bubble forms 
8 We assume an anthropic sharp lower bound on the e-folding number around 
Ne = 50–60.
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the axion landscape. The ﬂat direction φˆ1 arises due to the KNP mechanism and 
φˆ2 collectively represents the other heavy modes. First, the Universe is stuck in one 
of the local minima, and eternal inﬂation takes place. After a certain point of time, 
(1) tunneling takes place, (2) heavy axions fast roll and oscillate, and (3) slow-roll 
inﬂation starts along the ﬂat direction.
and the Universe tunnels to some point along the valley with an 
energy lower by O(4). Therefore, from the energy conservation 
point of view, the axion ﬁelds at the center of the bubble can be 
anywhere along the valley. See Fig. 4 for the schematic picture of 
the eternal inﬂation and subsequent slow-roll inﬂation in the ax-
ion landscape. On the other hand, if the energy difference between 
the two local minima were much smaller than 4, the tunneling 
point would be limited to the vicinity of the lower local minimum. 
Thus, the typical duration of the slow-roll inﬂation after the bub-
ble formation is determined by the effective decay constant along 
the lightest direction. If the effective decay constant is of order 
f = 5–10MP , the total duration of inﬂation could be just 50 or 60.
We have so far assigned a common value  to all the dynam-
ical scales. However, there is no special reason to expect that this 
is the case, and indeed, some of the dynamical scales, L , can be 
(much) smaller than the others, L  . Then, such cosine func-
tions do not participate in the KNP mechanism, but they would 
give rise to small modulations to the inﬂaton potential. To be con-
crete, let us suppose that all the decay constants are of similar 
order, say, fα = f ≈ 1017 GeV, and the effective decay constant for 
the inﬂaton, feff , is enhanced by a factor of about 102 owing to the 
KNP mechanism, i.e., feff =O(102) f =O(10)MP . The small mod-
ulations are expected to have a decay constant of order f , as they 
do not participate in the KNP mechanism.
In Fig. 5 we show the axion potential along the lightest axion in 
the landscape with Naxion = 3, Nsource = 5, i =  for i = 1–4 and 
5 = 0.1. We required R < 1/20 to implement the KNP mech-
anism when the ﬁfth cosine function is absent. One can see that 
there appear small modulations due to the mild hierarchy in the 
dynamical scales. Interestingly, such small modulations with mild 
hierarchy in the decay constants leads to a sizable running of the 
scalar spectral index, |dns/d lnk| =O(0.01), which is almost con-
stant over the CMB scales, and so, there is no contradiction with 
large-scale observations [60–64]. The presence of such small mod-
ulations, and therefore the running spectral index, is a common 
feature of inﬂation in the axion landscape. Such periodic modula-
tions to the inﬂaton potential, if found, would deﬁnitively demon-
strate that the inﬂaton is one of the axions with softly broken shift 
symmetry.Fig. 5. The potential along the lightest axion direction in the axion landscape with 
(solid) or without (dashed) small modulations, which is due to an extra cosine func-
tion with a suppressed amplitude.
4. Discussion and conclusions
After inﬂation, the inﬂaton needs to decay and reheat the stan-
dard model particles. This can be realized if one (or more) of the 
axions is coupled to the standard model sector via e.g.
L= φα
fα
Fμν F˜
μν. (4)
Here, Fμν is the gauge ﬁeld strength in the Standard Model. The 
decay temperature is estimated to be of order 1010 GeV with the 
inﬂaton mass mφα ≈ 1013 GeV and fα ≈ 1017 GeV. Thermal lepto-
genesis will be possible for such a high reheating temperature [65]. 
Note that the decay process should be considered in the mass 
eigenstate basis, and the couplings may be suppressed by a mixing 
angle compared to a naive estimate (such a possibility is studied 
in the context of the axion-like particle dark matter [66]). Non-
thermal leptogenesis may also be possible through the inﬂaton 
decay into the lightest right-handed neutrino νc with the inter-
action L = c(φα/ fα)Mνcνc , where M represents the right-handed 
neutrino mass and c is a coupling constant.
The couplings of the inﬂaton like (4) are known to induce 
non-Gaussianity of equilateral type if the prefactors of F F˜ change 
signiﬁcantly during inﬂation [67,68]. For the decay constant of or-
der fα ≈ 1017 GeV, the current non-Gaussian constraint can be 
satisﬁed. If some of the decay constants are smaller, or if the ob-
servational bound on the non-Gaussianity is improved, it may be 
possible to detect the non-Gaussianity generated through the in-
teraction (4).
So far we have concentrated on the axions with the poten-
tial (2), assuming the other degrees of freedom such as their scalar 
partner “saxions” are much heavier. In fact, however, the saxions 
do not have to be hierarchically heavier, since the inﬂaton (the 
lightest axion) is much lighter than the typical axion mass when 
the KNP mechanism is operative. It is beyond the scope of this 
paper to study how light the saxions can be without modifying 
our results, but we expect that the basic features of the axion 
landscape scenario (eternal inﬂation, subsequent slow-roll inﬂation 
due to the KNP mechanism, the inﬂaton potential, etc.) will remain 
valid even if the saxions have a mass comparable to the axions. In 
the string theory, such an issue is related to the decompactiﬁcation 
problem [69].
Here let us comment on how the decay constant of string theo-
retic axions is determined. The size of the decay constant depends 
not only on the wave function of an axion (tensor ﬁeld) in the ex-
tra dimension, but also on how the axion couplings to gauge ﬁelds 
appear in four dimensions. The typical size of the decay constant 
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scale. Further, the decay constant can be enhanced by one-loop 
factor, when the axion couples to the gauge ﬁeld at the quantum 
level as in the case of Kähler moduli on a Calabi–Yau space in het-
erotic string [70] or type IIA string.
Complex structure moduli in type IIB models also can in-
duce the inﬂation. It depends on the detailed moduli stabiliza-
tion with ﬂux compactiﬁcation whether such axions drive natural 
inﬂation. In particular, stringy corrections are important, and di-
rect couplings of axions to branes/ﬂuxes can induce explicit shift-
symmetry breaking terms which cause the so-called monodromy 
inﬂation instead [20–22,24–29,71,72]. Although we have assumed 
canonical kinetic terms for the axions, the axion kinetic terms may 
depend on the axions through stringy or non-perturbative correc-
tions. Then, the inﬂaton potential will be modiﬁed when expressed 
in terms of the canonically normalized axion ﬁelds. Further, de-
pending on the origin of non-perturbative effects, several issues 
may arise. For instance, the other tunneling events may take place: 
domain walls will be generated through the gaugino condensation 
in supersymmetric theories [73,74], although then monodromies, 
which make the axion potential suﬃciently ﬂatter, can be observed 
in large N gauge theories [75,76]. In addition, the coupling of axion 
to many light modes might make decay constant larger through 
quantum corrections including them [74].9
The tadpole condition is another important issue for imple-
menting the KNP mechanism in the string theory, which requires 
a number of (brane) charges through the alignment of wrapping 
numbers of branes or gauge ﬂuxes on branes in the extra dimen-
sions, while the net charge of branes should be vanishing in the 
compact extra dimension.10 In this respect, it is interesting to con-
sider a possibility that the inﬂaton consists of RR two-form axions 
in type IIB model [42,44,45,47] and ﬂuxed seven branes, which 
produce non-perturbative inﬂaton potential, are wrapping on a 
curved extra dimension with orientifolds. In this case, a tight con-
sistency condition on three brane charges can be relaxed by the 
curvature corrections due to the seven branes [79,80]. Note that 
ﬂuxes on the seven branes do not contribute to the seven brane 
charges and, therefore, it may ease the constraint on ﬁve brane 
charges if the ﬂux contribution to the anomaly is canceled between 
branes and their mirror images [81]. Euclidean brane instantons 
may also relax this constraint because they will not produce real 
brane charges. Similarly, it is interesting to realize natural inﬂation 
with IIA/heterotic Kähler moduli or IIB complex structure moduli 
through world-sheet instanton or its dual (classical) effect, respec-
tively; they have another advantage that the decay constant is 
enhanced by one-loop factor. Wrapping branes for the KNP mech-
anism could also lead to stringy light modes, whose effects are 
discussed in Refs. [19,24,82]: They will correct the slow-roll pa-
rameters via the Planck scale renormalization, and the vacuum 
energy during the inﬂation. Note that the Planck scale is an ap-
parent scale in the string theory.
The QCD axion may be a part of the axion landscape, but the 
isocurvature perturbations will be generically too large. In fact, too 
large isocurvature perturbation is a serious problem for any sce-
narios including light and cosmological stable axions or axion-like 
particles, as long as the inﬂation scale is high. There are several 
ways to avoid the isocurvature bound. One possibility is that the 
shift symmetry is broken by a large amount during inﬂation so 
that axions are suﬃciently heavy and their ﬂuctuations are sup-
9 See also [77], in which MP  f is required.
10 Natural inﬂation with an open string state can be similar, because many D-
branes [78] or an interplay between winding of branes and ﬂux on branes [35] are 
required to realize a large decay constant. See also [38] for a ﬁeld theoretical ap-
proach, in which a large decay constant is realized with a large charge.pressed [83–85]. Another interesting way is to make use of MSW-
like resonant conversions [86].
Throughout this paper we have focused on the large-ﬁeld inﬂa-
tion in the axion landscape. In fact, it is also possible to implement 
small-ﬁeld inﬂation based on an axion with multiple cosine func-
tions. This is because, for a certain choice of the dynamical scales, 
the curvature of the axion potential around the hilltop can be van-
ishingly small, which leads to an axion hilltop inﬂation [17,18]. The 
predicted tensor-to-scalar ratio is smaller; r  10−3 is expected for 
the sub-Planckian decay constant.
One of the central roles of the axion landscape is to provide 
a suﬃciently ﬂat direction suitable for large-ﬁeld inﬂation based 
on the KNP alignment mechanism. If the number of axions are 
suﬃciently large, the vacuum structure becomes so complicated 
that it may help to solve the cosmological constant problem with 
the aid of the anthropic principle [87].11
In this paper we have studied the vacuum structure as well as 
possible inﬂationary dynamics in the axion landscape where there 
are many axions with various shift-symmetry breaking terms. The 
required ﬂatness of the inﬂationary path is realized by the KNP 
alignment mechanism. The axion landscape provides us with a 
uniﬁed understanding of the eternal inﬂation in one of the local 
minima and the subsequent slow-roll inﬂation after the tunnel-
ing event. If the deviation from the quadratic chaotic inﬂation is 
found, it implies that there is pressure toward shorter duration of 
the slow-roll inﬂation, and so, it may be possible to observe rem-
nants of the bubble nucleation such as negative spatial curvature 
as well as the suppression of density perturbations at large scales. 
The presence of small modulations to the inﬂaton potential is com-
mon in the axion landscape, which leads to a sizable running of 
the scalar spectral index of order |dns/d lnk| = O(0.01) which is 
almost constant over CMB scales.
5. Note added
After submission of our paper, the joint analysis of BICEP2/Keck-
array and Planck data appeared [90], setting an upper bound 
r < 0.12 (95% conﬁdence). The quadratic chaotic inﬂation is now 
disfavored, which may imply a preference for shorter duration of 
inﬂation in our scenario.
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